We designed a microfluidic system comprising microfluidic channels, pumps, and valves to enable the fabrication of cellular multilayers in order to reduce labor inputs for coating extracellular matrices onto adhesive cells (e.g., centrifugation). Our system was used to fabricate nanometer-sized, layer-by-layer films of the extracellular matrices on a monolayer of C2C12 myoblasts. The use of this microfluidic system allowed the fabrication of cellular multilayers in designed microfluidic channels and on commercial culture dishes. The thickness of the fabricated multilayer using this microfluidic system was higher than that of the multilayer that was formed by centrifugation. Because cellular multilayer fabrication is less laborious and the mechanical force to the cell is reduced, this novel system can be applied to tissue modeling for cell biology studies, pharmaceutical assays, and quantitative analyses of mechanical or chemical stimuli applied to multilayers.
Introduction
In tissue engineering, mimicking the cellular environment is important for restoring the functions of freshly isolated cells and regenerating tissue-engineered cell constructs. 1 Most cells exist as multilayers under physiological conditions. The deposition of layer-by-layer (LbL) films of the extracellular matrix (ECM) over cultured cells is an important step in preparing cellular multilayers. [2] [3] [4] Microfluidic devices and systems have been developed to fabricate three-dimensional (3D) cellular structures, including cellular multilayers, and to assess how cells sense changes in their microenvironment. [5] [6] [7] [8] [9] [10] [11] Owing to the availability of soft lithography, a convenient method for microscale fabrication of microfluidic channels has been developed for advancing such research. Microfluidic cell culture systems designed to study cellular responses to external stimuli have been used to investigate the effects of ECM, chemotaxis, and force transduction. [6] [7] [8] [9] [10] [11] Microfluidic 3D cellular structure fabrication and culture systems are potentially advantageous research tools for developing rapid and reproducible assays of small-volume samples without the need for performing laborintensive procedures. 11 Matsusaki et al. reported on cell coating with ECMs by centrifugation to fabricate a cellular multilayer following a high-throughput method (Fig. 1A) . [12] [13] [14] The advantage of using the LbL centrifugation method is its easy handling. This technique can be easily performed by a person who is a novice in cell manipulation. However, the centrifugation process for LbL is laborious because it requires at least seven centrifugation steps, and it potentially induces negative effects by causing some cells to grow along the hands of the centrifugal force and form cellular pellets. 14 Thus, we developed an LbL-coating process using a programmed microfluidic system. This process can reduce the volume of ECM solutions and is less laborious than the centrifugation process.
In this study, we developed microfluidic systems comprising microfluidic channels and electrical devices for fabricating an LbL film of ECM and a cellular bilayer. Figure 1B illustrates the functioning of this system, which can be used for the development of cellular multilayers in a microfluidic channel and on a culture dish. The system comprises electric devices (Fig. 1C) and microfluidic channels on glass or glass-bottomed dishes (Fig. 1D) . LbL ECM nanofilms were directly prepared on the cell surface, on which they acted as a stable adhesive for deposition of the second cell layer. 14 We fabricated cellular bilayers in a microfluidic channel using the proposed system. We also developed an LbL cell-coating process in a channel, and the coated cells were seeded into a culture dish. These technologies can be applied to analyses such as tissues for modeling in cell biology, pharmaceutical assays, and cellular responses to chemical and/or mechanical stimuli.
Experimental

Microfluidic channel design, and protocols for cell culture in this channel and on a culture dish
Figures 2A and 2B show the dimensions and a photograph of the microfluidic channel, respectively. The microfluidic channel for the layered cell culture was a poly(dimethylsiloxane) (PDMS)-based channel combined with a cover glass at the bottom. The length, height, and width of the channel were 1.5, 0.2, and 0.8 mm, respectively ( Fig. 2A) . Figure 2C shows the coating and culture methods for fabricating cellular multi-layers in the channel. To prevent the medium in the microfluidic channel from drying, the cells in the microfluidic channel were cultured by soaking the channel in a 35-mm dish containing the medium. Figures 2D and 2E show the dimensions and a photograph of the microfluidic channel for cell coating with ECM, respectively. We designed the PDMS-based microfluidic channel for the LbL method, and formed an inlet center region parallel to the flow direction from the inlet to the outlet. Because the density of mammalian cells (1.05 -1.08 g/cm 3 ) is higher than that of the medium, these round cells were settled by gravitational and/or fluid mechanical forces and then attached to the bottom of the microfluidic channel. 15, 16 The volume of the channel region where the cells were coated was approximately 1 mL. A larger volume for this region is more preferable for coating a higher number of cells. However, when the volume increases, localized turbulence tends to occur. At a flow rate of 0.35 mL/min, the cells did not move under laminar fluid flow. If the channel flow is not laminar with turbulence, round cells at the bottom of the channel would be lifted up by turbulence and leave the microfluidic channel. As flow rate increases, damage to the cells also increases, induced by shear stress. We would like to take at least 1 min to coat ECMs in one process. The recommended maximum flow rate is [microfluidic channel volume around cells (mL)]/(1 min), which is usually 1 mL/min. Therefore, cells at the bottom could be coated with ECMs by the LbL method. Figure 2F shows the protocol for the cell coating method using this system and cell culture of the coated cells.
Microfluidic channel preparation
The microfluidic channels were prepared from PDMS (TSE 3032; Momentive Performance Materials, Tokyo, Japan). After degassing PDMS under vacuum for at least 30 min, it was cured in an oven at 70 C for 60 min. [17] [18] [19] The PDMS microchannel substrate was cured as described above, and access holes (2 mm in diameter) were created through the elastomer to enable the fluid to be applied to the microchannels. The PDMS substrate was subsequently bonded to a glass slide after plasma treatment for 30 s (PDC-32G; Harrick Plasma Inc., Ithaca, NY). 18 
Cell culturing conditions before the LbL processes
C2C12 myoblasts were maintained in a culture as previously described. 20 Briefly, the cells were grown in Dulbecco's modified Eagle's medium (DMEM; Sigma, St. Louis, MO) containing 10% fetal bovine serum (FBS; GIBCO, Eggenstein, Germany). The microfluidic channel was incubated with 0.2 mg/mL bovine fibronectin (BFN; CHEMICON, Temecula, CA) for 30 min. The cells were harvested by centrifugation, and 10 -20 μL of the resuspended cell pellet was injected into the microfluidic channel. We prepared the cell suspension as a confluent condition and applied the suspension with 10 5 -10 6 cells/mL to the microfluidic channel. The cells in the microfluidic channel were incubated overnight at 37 C.
Preparation of the LbL ECM film using the microfluidic system and fabrication of layered structures in microfluidic channels
The microfluidic system used to deposit the LbL ECM comprised a microfluidic channel with an inlet and outlet. The system consisted of three micropumps, two solenoid valves (Fig. 1C) , and a custom-made controller. BFN, gelatin (GEL), and washing buffer were added to the reservoirs. The flow of the washing buffer into the microfluidic channel was regulated using an electric controller equipped with a one-chip microcomputer.
Solutions of 50-mM Tris-HCl (pH 7.4), 0.05-mg/mL BFN, and 0.2-mg/mL GEL (Nacalai Tesque, Inc., Kyoto, Japan) were added to the chambers connected to the micropump. We prepared a delivery program and loaded BFN and GEL solutions as well as the washing buffer into the microfluidic channel to generate an LbL artificial ECM film on the cellular layer. We separately coated the cells using the ECM solutions. At first, we used BFN with the strong adhesion characteristics to substrates. A flow chart of the solution handling process is shown in Fig. 3 .
The inlet and outlet of the microfluidic channel containing the attached cells were connected with poly(tetrafluoroethylene) (PTFE) tubing to a solenoid valve, micropump, and reservoirs containing the ECM solution and washing buffer. The PTFE tubing and reservoirs were sterilized with ethanol and dried prior to use. The culture medium in the microfluidic channel was removed using micropipettes, and the program for the LbL process was then initiated. The LbL process was repeated four times, following which 0.35 mL of 50-mM Tris-HCl (pH 7.4) was loaded into the microfluidic channel. After stopping the electric controller, the channel was disconnected from the PTFE tubes and the solution in the channel was removed with a micropipette. These experimental processes are summarized as shown in Fig. 2C .
After preparing the LbL ECM film, layered structures of mouse myoblasts (C2C12 cells) were fabricated in the microfluidic channel with a micropipette. The cells were fixed with paraformaldehyde, stained with fluorescent dyes, and observed under a multicolor confocal laser fluorescent microscope (CLFM; FluoView 1000, Olympus Co., Ltd., Tokyo, Japan).
Preparation of coated C2C12 myoblasts with an LbL ECM film in the PDMS microfluidic channel by the centrifugation method
The microfluidic system was used to coat the C2C12 cells with an LbL ECM film in the PDMS microfluidic channel (Fig. 2F) . The C2C12 cells were injected into the PDMS microfluidic channel and, after 10 -15 min, they settled at the bottom. Then, the program for the microfluidic system was started. BFN or GEL of a volume equivalent to that of the PDMS microfluidic channel was added alternately, followed by washing with 50-mM Tris-HCl of a volume two times that of the PDMS microfluidic channel. This process was repeated four times as shown in Fig. 3 . After stopping the electric controller and removing the PTFE tubes, the solution in the PDMS microfluidic channel was removed with a micropipette. The PDMS slab with the microfluidic channel was removed from the glass slide and the channel was inverted to resuspend and recover the cells in DMEM with a micropipette. Cells were centrifuged at 100g. Before coating, the C2C12 cells were stained with CellTracker Red. Coated C2C12 cells at different concentrations were cultured on DMEM containing 10% FBS in a 35-mm dish or a 96-well microtiter plate in the presence of 5% CO2 at 37 C for 24 h. 
Confocal laser fluorescent microscope (CLFM)
The C2C12 cellular multilayer were stained with a phalloidinAlexaFluoro 488 conjugate (Pd-AF488), CellTracker Blue, and/or Rhodamine 2 (Rhod-2; Invitrogen, Carlsbad, CA). Pd-AF488 stained the cytoskeletons of the fixed cells and Rhod-2 stained all the cells in the multilayer.
Also, 4′,6-diamidino-2-phenylindole (DAPI) was used for nuclear staining. To evaluate the cells across the depths of the microfluidic channel and within the cell layers, cross-sectional fluorescent images were obtained.
Analysis of cell heights from z-stacked fluorescence images
The height of the cytosol in the observed cells was estimated based on the z-stacked confocal fluorescent images in the coating experiment that used the microfluidic channel. The average CellTracker Red fluorescence intensity in each frame was analyzed using the Image J software (National Institutes of Health, Bethesda, MD). All cells in the multilayer were stained with CellTracker Red. The relationship between the height of the focus for confocal scanning (horizontal axis) and the average fluorescence intensity (vertical axis) was investigated. The data points were fitted by a Gaussian function as shown in Eq. (1).
The widths of the bell w, a, b, and c are the fitting parameters. I(h) and h denote the average fluorescence intensity and the height of the confocal plane from the bottom, respectively. We considered the height of the layered cells as being the full width at half maximum (FWHM). The FWHM was calculated according to Eq. (2).
In this study, FWHM was considered as the height of the 3D cellular structure. We compared FWHMs of 3D cellular structures fabricated using the centrifugation and the microfluidic coating methods.
Statistical analyses
The intercepts of the linear regression analyses between the data from the microfluidic system and the centrifugation method were compared by employing one-way analysis of covariance (ANCOVA). 21, 22 A P-value of <0.05 was considered statistically significant.
Results and Discussion
A multilayer of the C2C12 myoblasts was fabricated in a microfluidic channel. One hour after the injection, we checked the elongation of 80 -90% of the C2C12 cells on the microfluidic channel using microscopic observation. CLFM images of a stained confluent cellular multilayer without fixation are shown in Figs. 4A and 4B. CellTracker Blue stained the cells in the lower layer, whereas Rhod-2 stained all the cells. Figures 4C and 4D show the lower and upper layers, respectively, of the C2C12 cellular bilayer. The height of the bilayers was approximately 10 -20 μm. Using this system, the cellular bilayer with migrated cells could be prepared in the microfluidic channel.
We compared the thickness of the cellular multilayer by the microfluidic ECM-coating method and the conventional centrifugation method (Fig. 5) . The average fluorescence intensity was fitted by a Gaussian function expressed in Eq. (2), and FWHM was approximated to the thickness of the cellular multilayer. Correlations were observed between the thickness of the cellular multilayer and the seeded cell concentration in both groups: R 2 = 0.51 and 0.46 for the microfluidic system and the centrifugation method, respectively. For the regression coefficient of the intercept, which was indicative of the thickness of the cellular multilayer, a significant difference between the two groups was observed (P < 0.05). The regression coefficients of the microfluidic system and centrifugation groups were 14 and 12 μm, respectively. Furthermore, the slopes of these linear regression analyses were 0.0024 and 0.0021 (μm × mm 2 /cells) for the microfluidic system and centrifugation groups, respectively. We concluded that the 3D structures prepared by this microfluidic method were slightly higher than those obtained by the centrifugation method.
This system can be used to reduce the mechanical stimuli to the cells by controlling the microfluidic channel dimension and flow rate. In addition, the characteristics of this system could be beneficial for manipulating cells sensitive to mechanical stimuli. 
where Q is the flow rate; μ is the viscosity of water (0.8 mPa/s at 30 C); and a and b are the height and width of the microfluidic channel, respectively. In this flow experiment for the LbL process in the microfluidic channel, the values of Q, a, and b at the narrowest region were 0.35 mL/min, 4 mm, and 1 mm, respectively. The mechanical force at 100g that was applied to the cells by centrifugation [ρ × (4/3) × 3.14 × r 3 × 100 × g] was calculated using a cell density (ρ) of 1.05 g/cm 3 , a spherical cell radius (r) of 10 μm, and g of 9.8 N/Kg. 15 The mechanical force (0.4 mdyn) that was applied to a cell by centrifugation under these experimental conditions was higher than the force that was applied to a cell by FSS (0.02 × 3.14 × r 2 = 0.15 μdyn). When the flow rate increases and/or the height of the microfluidic channel decreases, the mechanical force applied to the cell in the microfluidic system is smaller than that applied in the centrifugation system. To use this microfluidic system for coating ECMs, the flow rate and channel dimensions should be controlled to prevent damaging the cells at the bottom of the channel. Using this system, the LbL processes are preferable for preventing mechanical damage to the cells by centrifugation. In addition, these processes are less laborious, such as those for several rounds of cell medium removal.
Previous reports of the LbL processes suggested seven LbL coats.
3, 24 We wanted to decrease coating time to save ECM, and multilayers of C2C12 cells were successfully prepared by coating four times. A recent study has demonstrated that gelatin adhesion on the fibronectin (FN) layer was necessary for thickness enhancement of the FN layer. 3 A cellular multilayer was not fabricated by only one coat. 25 Cell adhesion onto cells at a lower layer may be related to the thickness of the BFN layer. Because optimized layer sizes are dependent on cell types, we could not decide the appropriate time for ECM coating processes. Based on our experiments, we can suggest that the ECM coating process is required at least twice, and four times in the LbL process is sufficient for C2C12 multilayer fabrication.
The microfluidic technology for the preparation of LbL ECM films and cellular multilayers can be applied to fabricate model tissues such as blood vessels, which consist of endothelial cells, basal lamina, and fibroblasts. 26 Furthermore, by coating the bottom surfaces of channels with elastic PDMS, cells in the multilayers can be subjected to compression or stretch stimuli. Through the integration of microfluidic technologies comprising microactuators and/or pumps, it is possible to quantify the responses to either the mechanical or chemical stimulation of The graphs were fitted using a Gaussian function, and the full width at half maximum (FWHM) was regarded as being the height of the 3D cellular structure. (D) Comparison of FWHMs of 3D cellular structures obtained using the microfluidic system and the centrifugation method. The horizontal and vertical axes represent the cell concentrations for seeding and the FWHM of cellular structures, respectively. The blue squares and red triangles show data points for the microfluidic system and the centrifugation method, respectively (n = 3). The equations of the fitted lines are FWHM = 14 + 0.0024 ×(cell concentration) (plain line) and FWHM = 12 + 0.0021 ×(cell concentration) (dotted line) using the microfluidic system and centrifugation, respectively. cellular multilayers. Therefore, it should be feasible to mimic the mechanical forces generated under physiological conditions using the microfluidic LbL system described in this study.
Conclusion
We developed a microfluidic LbL system comprising three micropumps, two solenoid valves, and a custom-made controller for fabricating cellular multilayers. Our microfluidic system allows for the preparation of cellular bilayered structures in a PDMS-based microfluidic channel. When the ECM-coating method was used to coat cells in the microfluidic channel, the heights of the 3D cellular structures were larger than those of the structure that was fabricated by the centrifugation coating method, and the required labor and mechanical force applied to the cell were reduced. In the future, this microfluidic system can contribute to investigations of cross-talk between different cell layers via the secretion of chemical factors, and to the evaluation of differences in the responses of individual layers to mechanical stimuli.
